Furthermore we have also detected the oxidized species which probably serve as intermediates for polymer formation. The influence of the substituent in the phenolate moiety on the type of reaction after which the dimerization and polymerization reaction occurs has been evidenced. Furthermore the substituent dependence on the stability of the phenoxyl radical complex and the Ni(II)-phenoxonium cation has been noticed. For the [Ni(salcn(Bu))] complex, an additional electropolymerization step -the adsorption of the reagent on the electrode surface -has been observed.
Introduction
Complexes of the transition metal ions with Schiff bases and other ligands consisting of oxygen and/or nitrogen donor atoms, especially Ni(II) ions with salen type ligands, [1] [2] [3] [4] have been under investigation for years, due to their optical properties and application in analysis, catalysis and electrocatalysis. The reduced 5 as well as oxidised 6 forms of Ni(II)-salen type complexes are used. The oxidation process of Ni(II)-salen type complexes depends on the solvent used. In strong donor solvents such complexes are oxidised to Ni(III)-salen type complexes. 7, 8 In weak donor solvents the oxidation process depends also on the presence or absence of a substituent in the p-position of the phenolate moiety. The complexes with a blocked p-position undergo reaction to phenoxyl radicals and bis-phenoxyl radicals, [9] [10] [11] [12] [13] while those with a free p-position go through an electropolymerization process and finally form electroactive polymeric films. [14] [15] [16] [17] [18] The mechanism of anodic electropolymerization is a subject of discussion among scientists. Audebert et al. 16, 17 and Goldsby et al. 14 explained that this process is based on the ligand. After the first oxidation step the phenoxyl radicals undergo a coupling reaction resulting in C-C bond polymers. Freire, Hillman et al. 19, 20 have also shown that the anodic polymerization process is focused on the ligand and leads to a polymer consisting of o-and p-bound phenyl rings. Metal ions do not take direct part in the charge transfer through the polymer film but they are forming the bridge stabilising the process of charge transfer between biphenylene moieties. On the other hand Popeko and Timonov et al. 21, 22 and Dahm et al. 17 suggested that the Ni(II)-salen type complex oxidation mechanism is based on the metal ion. They found that at the first step, the oxidation of the complexes leads to a Ni(III)-phenolate complex. According to their studies the oxidation process is possible due to the donor-acceptor interaction between the monomeric ligand and the oxidised metal centre of the other monomer. Such types of interactions result in stack polymer formation. Dahm et al. 17 have also investigated the next step of anodic electropolymerization of Ni(II)-salen type complexes with free p-positions. A two-electron irreversible process was ascribed to the formation of phenylphenyl bonding between two non-covalent bonded monomers. This process causes the more compact structure of the polymer films. The whole investigated compounds [14] [15] [16] [17] [18] [19] [20] [21] [22] consisted of Our investigations concern the Ni(II) complexes with salen derivatives consisting of a cyclohexane moiety in the imine bridge and of different substituents within the aromatic rings.
The aim of the study was characterisation of the electropolymerization mechanism of electrodes modified with polymer films of a (AE) In our previous work, 23 performed under similar conditions, for the di-tert-butyl derivative of the investigated complexes ([Ni(salcn(Bu))] and [Ni(salcn)]) the non-polymerized oxidation mechanism has been characterised. We evidenced that in CH 2 Cl 2 solution the ((AE)-trans-N,N 0 -bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminenickel(II) complex, [Ni(salcn(2Bu))]) is oxidized in a three-step process successively to Ni(II)-monophenoxyl radicals, Ni(II)-bis-phenoxyl radicals and Ni(II)-bisphenoxonium cations. For Ni(II)-mono-phenoxyl radicals we proved the delocalization phenomenon. In this paper we also investigate the mechanism of oxidation of the ligand substituted in the o-position with methyl substituents, H 2 (salcn(Me)).
The study was carried out on the basis of cyclic voltammetry, UV-VIS, NMR and FTIR measurements of the ligands and their complexes as well as the FTIR ATR measurements of the polymer films deposited on the electrode surface.
Experimental

Materials
(AE)-trans-1,2-Diaminocyclohexane and salicylaldehyde, 99% were purchased from Aldrich; nickel(II) acetate tetrahydrate Ni(AcO) 2 Á4H 2 O (reagent grade), potassium hexacyanoferrate(III) (analytical grade) and ethanol (EtOH) 95% were obtained from POCh. Methylene chloride (CH 2 Cl 2 ) was of HPLC grade, from Baker. Tetrabutylammonium hexafluorophosphate (TBAH) and tetrabutylammonium perchlorate (TBAP) were of analytical grade, from Fluka. All of the compounds were used without purification. The solutions of the complexes were freshly prepared before the measurements.
Ligands and complexes
The method of the synthesis of the salen ligands (AE)-trans-N,N 0 -
diamine (H 2 salcn(2Bu)) and their complexes as well as their elemental analyses, NMR data, melting points and their synthetic yields were previously described. 23 The data for a ligand with methyl substituents and its Ni(II) complex are presented below:
( 
Instruments and procedures
The elemental CHN analysis was performed using a Vario EL III analyzer.
Magnetic studies were performed on the magnetic susceptibility balance of Sherwood Scientific Ltd at 298 K.
NMR spectra were recorded using a Bruker AM 500 MHz spectrometer.
FTIR and FTIR-ATR spectra were recorded on a Nicolet 8700 Thermo Scientific.
FTIR spectra were recorded using a standard KBr pellet technique.
FTIR-ATR spectra were recorded for electrodes modified with the polymers obtained after the electropolymerization process conducted in CH 2 Cl 2 /TBAH (0.1 mol dm
À3
) and CH 2 Cl 2 /TBAP (0.1 mol dm À3 ) solutions. Such modified electrodes were washed and conditioned in CH 2 Cl 2 for 10 min and then they were dried at room temperature in air atmosphere for 5 h in order to remove as much of the solvent as possible from the film structures.
UV-Vis spectra were performed on a Jasco V630 spectrophotometer in standard quartz (0.995 cm) cells, using solutions of H 2 Voltammograms were recorded in the potential range of 0 V to 2.1 V, at sweep rates between 0.01 and 2 V s À1 .
All electrochemical and spectroscopic studies were carried out in an argon atmosphere at a temperature of 295 K. The Pt electrodes were cleaned in concentrated HNO 3 and polished with an aqueous suspension of 0.05 mm alumina before each measurement.
The procedure of Pt electrode modification. The Pt electrode was modified by an anodic electropolymerization method. The process involves recording a certain number (1-150) of cyclic voltammetric curves in CH 2 Cl 2 solutions of the complexes. For this purpose complexes with free o-and p-positions or with only the p-position were used. Electropolymerization was carried out within the potential ranges covering: a two-step oxidation process (0-1.6 V) (short range) and a three-step process (0-2.1 V) (long range), within different polarization rates of the working electrode (0.01-1 V s
À1
). Due to the lack of reversibility of the electrode processes the thickness of the polymer films was also controlled in the same way.
The electroactivity of the modified electrodes was investigated in the supporting electrolyte, the same as was used in the electropolymerization process.
The modified electrode, Ptpoly, was rinsed with CH 2 Cl 2 and conditioned (10 minutes) in CH 2 Cl 2 /TBAH solution (0.1 mol dm
À3
) -which was different from that used during the electropolymerization process. Such conditioning was performed to remove from the film structure the complex particles that were not removed by washing.
Thus, 1st and 2nd voltammetric cycles recorded on the Ptpoly electrode in supporting electrolyte solution showed no difference in contrast to such curves obtained in the process carried out on a non-preconditioned Ptpoly electrode.
All electroactive polymer films are yellow and are insoluble in the investigated solvent. [25] [26] [27] The lack of this band on the spectrum of the complex is connected with the deprotonation process during complex formation. 25 The shift of the characteristic imine band (1624 cm
Results and discussion
À1
) in the complex by 22 cm À1 toward the lower frequencies relative to the ligand is related to the participation of the azomethine nitrogen in nickel ion coordination. 26, 28, 29 Also, offset bands at 1400 cm À1 and 1281 cm À1 corresponding to C-N and C-O stretching frequencies, respectively, towards higher frequencies (shifted by 11 cm À1 for N-O and 35 cm À1 for C-O) are the consequence of both azomethine nitrogen atom and phenolate oxygen atom participation in the complexation process.
26,28
The ligand complexing characteristic features [30] [31] [32] [33] are also Measurements of magnetic susceptibility of the complex, at a temperature of 273 K, showed the diamagnetic nature of the compound, that confirms low-spin, square planar symmetry around the Ni(II) ion.
FTIR ATR of films
The analysis of the film spectra was done on the basis of comparison of the FTIR ATR spectrum taken for the selected film with the FTIR spectrum of the corresponding complex compound. It is shown in the [Ni(salcn)] and poly[Ni(salcn)] examples. The observed film bands (Fig. 2) are lower than the corresponding bands for complex species (Fig. 1) . Such behaviour may be connected with a difference in refractive index in the complex and in films which affects the penetration of the evanescent wave and hence absorbance. Furthermore, some bands of the films are slightly shifted (max. 10 cm À1 ). In Table S1 (ESI †) the frequencies of all the bands for the investigated complexes and films are presented. ) and absorption spectra in the UV-VIS-NIR region (l(e 0 )) for the investigated compounds On the film spectra there are also more bands observed than in the case of the complex. Part of them corresponds to the presence of a supporting electrolyte and solvent molecules within the structure of the film. A relatively strong broad band at 844 cm À1 and a medium band at 568 cm À1 ( Fig. 2A) masks the region which is visible on the film synthesized in PF 6 À solution and vice versa (band at 844 cm À1 originated from PF 6 À masks the range 900-800 cm À1 ). Such choice of the supporting electrolytes applied during the electrosyntheses allows in both cases to observe all of the bands observed in the case of a complex spectrum on the spectra taken for film species ( Fig. 2A and B ), excluding the ones at 1335, 1227 and 912 cm À1 (Fig. 1 ). The latter bands are superimposed on the bands at 1319(m), 1218(m, sh) and 908(w) cm À1 (Fig. 2) , respectively, present also on the spectrum of the complex. The other bands observed for the film are within the range of C-C aromatic in plane stretching vibrations 36 ( Fig ) and within the range of C-C aromatic out of plane bending 36 ( Fig. 2A , band at 703(w, sh) cm À1 ). Among the mentioned bands, the ones at 1276(m, sh), 892(m) (Fig. 2B ) and 703(w, sh) cm À1 ( Fig. 2A) appear at frequencies characteristic also for CH 2 Cl 2 bands. 38, 39 The band at 703(w, sh) cm À1 ( Fig. 2A ) is broad and clearly complicated indicating that its origin can be ascribed both to solvent and to C-C out of plane bending vibrations. The fourth band characteristic for this type of solvent occurs at 750 cm À1 and is strong. 38, 39 On the spectrum of the complex (Fig. 1 ) the band present at 750(s) cm À1 corresponds to o-substituted aromatic rings, thus the band at that frequency on the film spectrum ( The comparison of the intensities of bands observed for the complex form with the ones corresponding to the film additionally confirms the presented electropolymerization mechanism. The most common bands have been compared (Table S1 , ESI †), with the exception of the fingerprint region, in which the overlay of bands occurs and hence their interpretation may be erroneous. In the film, the bands corresponding to the phenyl ring in plane vibration ( Fig. 2A, 1541 (m, sh) and 1475(m, sh) cm À1 ) decreased significantly (more than twice). Such behaviour is probably connected with the biggest stiffening of the structure in the area of the coupling. Moreover, large differences in band intensities (1601(m, sh), 1541(m, sh) and 1475(m, sh) cm
À1
, Fig. 2A ) support the hypothesis that the mechanism of electropolymerization is of phenyl-phenyl type (all corresponding bands for the complex are equally strong). The bands ascribed to the CH 2 bending vibration in cyclohexane 42 ( Fig. 2A, 1454 (m) cm
) and the band corresponding to C-N 43 stretching vibrations ( Fig. 2A, 1390 (m) cm
) have been slightly reduced (approximately 1.5 times). This confirms, what is obvious, the lack of involvement of these groups in the coupling.
The fact that the band intensity ( Fig. 2A, 1624 (s) cm À1 ) corresponding to the CQN stretching vibrations 44 (the group that could be involved in the delocalization of the charge) has not changed at all excludes the participation of these bonds in the coupling. Another band observed on the spectrum of the film, whose intensity was reduced to the greatest extent, is the band corresponding to C-O vibrations ( Fig. 2A, 1319(m) cm   À1 ). 43 Taking into account the unchanged intensity of the band associated with the CQN stretching vibrations ( Fig. 2A, 1624 (s) cm
) one can suppose that the delocalization of the charge occurs through C-O bonding, omitting the CQN bond. Such a conduction pathway was previously shown for the salen complex with a substituted ethylene imine bridge. 19 On the basis of the above analysis one can attempt to assign bands appearing at 518(w) and 581(m) cm À1 ( Fig. 1 and 2 ), that are absent on the spectrum of the uncomplexed ligand and thus might be attributable to Ni-O and Ni-N bonding, respectively. The band at 581(m) cm À1 for the film decreased significantly indicating the participation of the band corresponding to this bandwidth in the coupling process. Taking into account the considered direction of delocalization, this band may correspond to Ni-O bonding.
The changes of bands in the area of the C-H out of plane bending vibrations in the aromatic ring (900-581 cm À1 ) as well as the CC out of plane bending vibrations in the aromatic ring (675 730 cm À1 ) indicate the change in the substitution of the aromatic ring. 36 For the complex, in this region, there are two strong bands at 750(s) and 738(s) cm À1 ( Fig. 1 ) confirming the o-substituted structure of the coordination compound. The third band of medium intensity at 846(m) cm À1 originates from the ring stretching in the cyclohexane moiety. 42 On the spectrum of the film ( Fig. 2A ) (this is also the area of one of the bands observed for the solvent), both bands are also visible, but they are very weak, indicating the presence of a small amount of the complex in the structure of the film. Additionally, within the region corresponding to the substitution pattern of the aromatic ring there are five more bands (892(m), 874(m), 818(w), 804(w) (Fig. 2B ) and 703(w, sh) ( Fig. 2A) ), absent in the spectrum of the sole complex. Bands at 874(w, sh) and 818(w) cm À1 (Fig. 2B ) may correspond to the 1,2,4-substituted form. 36 This assignment may be justified because the peak at 874(w, sh) cm À1 is superimposed on the 892(m) cm À1 band, hence the actual intensity is likely to be small. This means that the ratio of the intensity of pair of bands corresponding to such substitution (874(w, sh) and 818(w) cm À1 ) suits the ratio presented in the literature. 36 Another pair of bands at 804(w) (Fig. 2B ) and 703(w, sh) cm
( Fig. 2A) could confirm the 1,2,3 substitution 36 , but the fact that they were noticed on different spectra impedes formulating such hypotheses. Whereas the most intense, in the group, band at 892(m) cm À1 (Fig. 2B ) associated with the presence of trace 36 However, due to the fact that bands attributed to C-H bending out of plane in the aromatic ring (900-581 cm
) and CC bending out of plane in the aromatic ring are observed in the fingerprint region, we cannot draw conclusions regarding the phenolate moieties. So the main criterion of determining the way of substituting the phenolate moieties are bands within the phenyl ring in plane vibration regions. A much stronger band at 1601(m, sh) cm À1 ( Fig. 2A) Voltammetric study of electropolymerization of complexes General characteristics of the mechanism of electropolymerization. Complexes are oxidized in each of the investigated range of potentials (short and long) in more than one step (Fig. 3, 5, 6, 8, 9 and 12 ). For the [Ni(salcn(Bu))] complex, which differs from [Ni(salcn(2Bu))] only by the free p-position, in the first cycle a first oxidation peak (Fig. 9 , gray line 2a) occurs at a potential ( Table 2 , E pa(I step) ) very close to the oxidation potential of [Ni(salcn(2Bu))] (0.85 V in TBAP/CH 2 Cl 2 ), 23 so one can conclude that this peak corresponds to the analogical process which takes place during the oxidation of [Ni(salcn(2Bu))]. The other complexes during the first step undergo the oxidation process at higher potential values ( and Timonov 21, 22 for the complexes with a shorter imine bridge, has been noticed in the DMSO solutions. 23 The reason is it is probably connected with the coordination properties of the solvent, which stabilizes the thermodynamically unstable Ni(III) ion. For [Ni(salcn)] and [Ni(salcn(Me))] complexes after the first stage of the process a subsequent reaction takes place. This fact was determined on the basis of electropolymerization processes, carried out within the potential regions limited to the potential of the first anodic peak. The results of these electropolymerization processes are yellow films on electrode surfaces, the same as the ones obtained when the process was conducted within the whole investigated potential range. Electrodes obtained in such a manner are electroactive in the supporting electrolyte solution. The characteristics of their voltammograms are similar to those gained during electropolymerization over the entire short range of potentials (Fig. 4 and 7 dashed black line) .
The results of FTIR ATR studies indicate that the subsequent reactions are dimerization and polymerization.
The further peaks on the polymerization curves may have originated both from the oxidation of the complex solution as well as from the oxidation of the film.
Curves for all of the investigated complexes and their films show differences regarding the types of substituents in phenolate moieties. This phenomenon indicates that the oxidation process is based on the ligand. 19, 47 In the oxidation process based on the central metal ion it seems that such effect should be much lower. 47 Analysis of the peaks was carried out based on a study of modified electrode electroactivity in a solution of the same supporting electrolyte as that in which electropolymerization was carried out.
The shape of most of the film peaks is sharp which indicates the advantage of the surface character of the electrode processes. Typical superficial processes are characterized by sharp peaks and high symmetry against the current-voltage axis. 48 This is a consequence of such properties of the film (low thickness and/or high charge transfer rate) which enables the redox process along the whole length of polymer chains. 48 The sharpest shape of peaks was observed for polymers of the [Ni(salcn(Bu))] complex. The milder character of polymer peaks of other complexes, especially [Ni(salcn)], indicates that redox conductivity in these films is partly limited and does not allow the complete redox process to occur in the outer layers of the films. Electropolymerization mechanism of Ni(salcn)]. Analyzing the second cycle of the [Ni(salcn)] electropolymerization process, carried out within the short potential range (Fig. 3, black line) , with respect to the peak potential on the cyclic voltammogram of poly[Ni(salcn)] (Fig. 4, dashed black line) , it can be concluded that the first anodic peak (Fig. 3, 2nd scan 1a) comes exclusively from the film. Such conclusion may be derived because on the voltammogram of poly[Ni(salcn)] (Fig. 4 , dashed black line) there is a similar peak at the same potential value. Furthermore there is no such peak in a first polymerization curve (Fig. 3, gray line) . The inflection at the second polymerization cycle (Fig. 3, 2nd scan 2a) , at the potential corresponding to the potential of the first peak of the first polymerization cycle (Fig. 3, gray line 2a) , indicates the oxidation of the complex solution. The second peak on the second polymerization cycle (Fig. 3, 2nd scan 3a) , as occurs with the potential corresponding to the potential of the second peak on the voltammogram of poly[Ni(salcn)] (Fig. 4 , black dashed line), is a signal originating from the film. In the first polymerization cycle (Fig. 3, gray line 3a) , this signal was present in the form of inflection. Such behaviour indicates that the electropolymerization process of [Ni(salcn)] takes place after the oxidation of the phenolate moiety complex to the Ni(II)-phenoxyl radical complex. This hypothesis is confirmed by the same voltammograms obtained for electrodes both after the electropolymerization process carried out from the first anodic peak and the one carried out in the whole short potential range. As was expected, similar voltammograms have been recorded for the electrodes that were modified during the electropolymerization process carried out up to the potential of the inflection after the first anodic peak (3a in Fig. 3 ). From the B5th polymerization cycle the signal of the complex oxidation (Fig. 3, 2a) is no longer visible. It is connected with pacification of the electrode at the potential at which the monomer is oxidized. The modified electrode surface with more and more thicker polymer films inhibits complex diffusion 49 and hence its oxidation is hampered. This results in the lowering of the electropolymerization process efficiency. The last peak in the first polymerization cycle (Fig. 3 , gray line 4a) is associated with the oxidation of complex solution because it is not observed on the cyclic voltammogram of poly[Ni(salcn)] (Fig. 4, dashed black line) ). By analogy to unpolymerized complexes it indicates the oxidation of the Ni(II)-phenoxyl radical complex to the Ni(II)-bis-phenoxyl radical complex (II oxidation step). The higher potential as compared to the oxidation potential of [Ni(salcn(2Bu))]
+ and [Ni(salcn(BuOMe))] + 23 is the result of the lack of substituents in the phenolate moiety, which can influence the charge density of active centres and hence the value of the oxidation potential. This peak is absent in the subsequent polymerization curves (Fig. 3, 2nd-10th scan) , the other peaks grow thus indicating the increase in the weight of the polymer. The increase of the peaks is accompanied by shifting of the potential of the first anodic peak (Fig. 3, 2nd 10th scan, 1a) to the right. This fact indicates that the increase in the polymer film thickness enhances difficulties in the charge transfer to the extent that after the 20th polymerization cycle the peak currents decrease or even disappear. The reason of the fast decay of film activity is the polymer net structure that was evidenced by the FTIR ATR investigation results.
During the electropolymerization of [Ni(salcn)] within the long potential range, there is a third anodic peak (Fig. 5 , the 1st scan -black line 6a; Table 2 , E pa(III step) ). This peak is not visible from the second polymerization cycle. Because it does not occur on the cyclic voltammogram of poly[Ni(salcn)] (Fig. 4 , the solid black line), hence it indicates that the complex solution is the sole source of the signal of this step of electropolymerization process. By analogy to its unpolymerized counterparts it corresponds to the III oxidation step of the complex solution. Due to the lack of the substituent within the phenolate moieties, for this step also, the potential peak value (Table 2 , E pa(II step) ) is higher than the potential value for unpolymerized complexes. 23 The absence of this peak during the process carried out on the modified electrode (the second polymerization cycle) indicates the participation of [Ni(salcn)] 2+ in the subsequent reaction with the film. Electropolymerization mechanism of [Ni(salcn(Me))]. On the basis of analysis that was performed for [Ni(salcn)], one can say that the 1a, 2a, and 3a peaks (Fig. 6 and Fig. S1 , ESI †) correspond to analogous processes. However, the last peak of the first polymerization cycle carried out in a short potential range (Fig. 6, 1st scan 4a) corresponding to the oxidation of the Ni(II)-phenoxyl radical complex is observed to be much longer (to the B5th cycle) than in case of the oxidation of [Ni(salcn)] + , indicating a somewhat lower reactivity of [Ni(salcn(Me))] + . The cause may be some stabilization resulting from the presence of the substituent in phenolate moieties. The peaks stop increasing from about the 30th cycle, and so the charge transport through the film is less difficult than in the case of poly[Ni(salcn)]. It may be caused by the less compact structure resulting from the possibility of polymerization only in one direction ( p-) and the presence of a methyl substituent in phenolate moieties. The latter may influence, through the steric effect, the increase of the interval between successive polymer layers. The peak of the third electropolymerization step of the process (Fig. 8 , the gray line 6a; Table 2 E pa(III step) , Fig. S3 , ESI †), analogously as for [Ni(salcn)], reflects only the oxidation reaction of the complex solution and it is observed also only in the first cycle. However, unlike the case of [Ni(salcn)] at the first electropolymerization cycle for [Ni(salcn(Me))] at a slightly lower potential (Fig. 8, the gray line 5a, Fig. S2 , ESI †), there is inflection that in subsequent cycles changes into a very small peak (Fig. 8 , the dotted and solid black lines, 5a). The presence of the corresponding peak at the same potential value on the voltammogram of poly[Ni(salcn)] (Fig. 7, solid black line) indicates the third step of film oxidation. The fact that the third oxidation step of the film takes place also during the electropolymerization process of this complex, contrary to [Ni(salcn)], is probably connected with the steric effect of methyl substituents affecting the film structure and hence the mass transfer for polymer films. The presence of this peak may indicate that the mass transfer into the o-substituted polymer is easier than into the polymer film with free active positions located on the phenolate moieties.
However, the process of the third oxidation step of the poly[Ni(salcn(Me)) film is restricted. The low value of the peak current observed for this step (Fig. 8, 5a) indicates that the process is harder than the oxidation of the film in the initial two steps (Fig. 6, 1a, 3a) . This process also depends on the solvent in which the modified electrode is working. The peaks of the third oxidation step of the poly[Ni(salcn(Me))] film occur at polymerization curves up to only the first 3-5 cycles, depending on the speed of the process, while at the cyclic voltammogram of poly[Ni(salcn(Me))] up to the 6-7 ones. This shows that the reason probably lies in the kinetics restrictions, arising from the transfer of the bigger amount of mass into the film during the electropolymerization process than during the electroactivity study.
Electropolymerization The presence and growth of the peak in all polymerization cycles (Fig. 9, black lines, 2a ) that in the first cycle was the signal of the oxidation of the complex solution (Fig. 9 , gray line 2a) as well as the presence of the peak on the cyclic voltammogram of poly[Ni(salcn(Bu))] at the corresponding potential (Fig. 10, black lines) indicate the origin of the first anodic peak of polymerization both from the Ni(II)-phenoxyl radical complex and from the film.
After the oxidation step of the complex solution to the Ni(II)-phenoxyl radical on the anodic curve, one can see a lower, slightly formed peak (Fig. 9, gray line 3a) . On the cathodic part of the curve at the highest potential, there is very little visible inflection (Fig. 9, gray line 4c ), followed by a small peak (Fig. 9,  gray line 3c ). In the next cycle, within the potential range of 4c (Fig. 9) there are inflections observed that, in the electropolymerization process, change into one sharply-outlined peak (Fig. 9, 30th scan 4c) . Also in this potential range, the corresponding oxidation peak, observed from the first cycle, increases (Fig. 9, 3a) , which clearly indicates that the finally formed redox system 3a/4c (Fig. 9) originates from the film. However, the method of forming of a cathodic peak of the redox system indicates certain heterogeneity of the film at the initial stage of its formation. One of the factors affecting this lack of homogeneity can be adsorption of the complex on the electrode surface. For such a step of the electrode process a cathodic peak 3c (Fig. 9, gray line) is observed during the first cycle, that is characteristic of substrate adsorption. 50 The shape of the corresponding peak 3a (Fig. 9 , gray line) points out that it is complicated, hence it can also comprise the signal originating from the oxidation of the adsorbed substrate. The higher redox potential value of the adsorbed complex is connected with the necessity of overcoming the adsorption forces. Another redox system (Fig. 9, 1a/1c ), for which the oxidation peak appears only in the second cycle, is derived from the film.
In contrast, the last peak on the first anodic polymerization curve (Fig. 9, gray line 4a, Fig. S1 , ESI †), by analogy with other complexes, corresponds to the oxidation of the Ni(II)-phenoxyl radical to the Ni(II)-bis-phenoxyl radical. Its presence, though marked to a small extent but observed until the end of the polymerization process, indicates the smallest, among all the analyzed radicals, reactivity of [Ni(salcn(Bu))] + . The electrode after the electropolymerization process is covered, as the previously presented ones, with a yellow film.
The polymerization process of the [Ni(salcn(Bu))] complex in the short potential range also differs from the other two complexes. A small increase in peak current is seen during the progression of the process. The confirmation of such behaviour is a small increase in the film as well as much lower (B6 times) peak currents at the voltammogram of poly[Ni(salcn(Bu))] (Fig. 10, black lines) . In addition, on the voltammogram of poly[Ni(salcn(Bu))] after repeated scanning processes (regardless of the thickness of the polymer) a new redox system (Fig. 10 , black lines, last redox couple) is observed. This can suggest the presence of some species which activate during the scanning of the modified electrode.
In order to analyze the electropolymerization mechanism, the process was carried out in limited potential ranges, successively to the first peak potential (Fig. 9 , gray line, 2a) and a second peak potential (Fig. 9, gray line 3a) within the first electropolymerization curve.
During the process carried out to the first peak potential, on the electropolymerization curve there is a redox system 1a/1c (Fig. 11A, black lines) that originated from the film and an anodic peak 2a (Fig. 11A, black lines) that within the unlimited potential range corresponds to the oxidation of the complex solution and the film. In the range limited to the first peak potential, the anodic peak 2a (Fig. 11A, black line) does not increase during successive cycles, indicating the oxidation only of complex solution. After this process, the electrode is covered with a gray unstable film (not visible after washing the electrode) and on the voltammogram in this way modified the electrode (Fig. 11B, black line) , no peak is observed. The result of the experiment shows that in the range limited to a first peak potential, the electropolymerization process does not proceed and the redox system 1a/1c (Fig. 11A, black line) , even though it originated from the film, is not a response connected with the structure of the neat polymer.
Even after the electropolymerization process performed within the range limited to the second peak potential, observed on the first polymerization curve (Fig. 9 , gray line 3a) a gray film is observed, which is also not visible after washing the electrode.
On the basis of the measurements carried out in the limited potential ranges it can be concluded that the preparation of the polymer poly[Ni(salcn(Bu))], in contrast to others, is possible only at the potential of the last peak (on the first polymerization curve (Fig. 9, gray line 4a) , and thus at the potential of Ni(II)-bisphenoxyl radical formation. These investigations indicate that the poly[Ni(salcn(Bu))] film may comprise in its structure species that are weakly bound to the electrode surface. Such hypothesis may be justified taking into account the formation of a new redox system during the scanning of the modified electrode within the whole short potential range (Fig. 10 , black lines, last redox coupe). In the polymer film obtained from the solution consisting of only the monomer and supporting electrolyte, the species that may be present in the film may be dimers or oligomers.
The reason of the presence of such species within the structure of poly[Ni(salcn(Bu))] is probably connected with the nature of the monomer in which the biggest substituents, among all of the investigated compounds, are attached.
It is generally known that tert-Bu substituents in o-, m-and p-positions in phenol moieties stabilize phenoxyl radicals. 51 In non-polymerizing [Ni(salcn(2Bu))] molecules 23 tert-Bu substituents stabilize the Ni(II)-phenoxyl radicals so much that they exist in the solution for a period of about 5 min. Therefore, it seems to be reasonable, in the [Ni(salcn(Bu))] molecule, although containing two times less tert-Bu substituents, that it shows the stabilizing effect of Ni(II)-phenoxyl radicals as well as macro-Ni(II)-phenoxyl radicals. The latter impede the formation of the polymer so that it occurs only after the step of creating a more reactive species of Ni(II)-bis-phenoxyl radicals. The consequence of this stabilization may be the presence of additional dimers and oligomers in the film structure, affecting the heterogeneity of the film. Hence the low yield of the process of electropolymerization is observed, a measure in which there are much lower peaks on the voltammogram of poly[Ni(salcn(Bu))] View Article Online than the ones noticed on the electropolymerization curve. Unbound polymer oligomers and dimers are active within the range of the peaks potential 1a/1c and 2a/2c (Fig. 11B , gray lines), but they are so weakly adsorbed on the electrode surface that the film containing the polymer is destroyed after rinsing of the electrode (Fig. 11A , gray lines). The result of the experiment carried out in each of the short potential range variant shows that the film structure of poly[Ni(salcn(Bu))], apart from the polymer, consists of the complexes adsorbed on the electrode surface. There can be also some oligomers present that may cause the lack of identity of the polymer film. The FTIR ATR studies indicate the presence of the complex in the film.
The process of electropolymerization of [Ni(salcn(Bu))] within the long potential range is different from the discussed process for other complexes. This difference is that the peak of the third stage of complex solution oxidation (Fig. 12 , gray and black lines, 6a) and the peak of the third stage of film oxidation (Fig. 12 , gray and black lines, 5a) were observed until the last cycle of the process, regardless of the number of electropolymerization cycles. In analogy to their non-polymerized counterpart ([Ni(salcn(2Bu))]) (1.73 V in TBAP/CH 2 Cl 2 ) 23 ), the abovementioned peaks (Table 2 ) correspond to the presence of Ni(II)-phenoxonium cations in the solution of the complex and in the film.
Such a result indicates that the three-step oxidation of the film is inhibited, neither during the electropolymerization, nor during the electroactivity test, as it was in the case of [Ni(salcn(Me)]. In contrast to the other two complexes, the oxidation of the complex solution during electropolymerization is also not inhibited.
After the electropolymerization process in the long potential range, difference between peak currents in the cyclic voltammograms of poly[Ni(salcn(Bu))] and electropolymerization curves becomes comparable with those differences for other polymers. This indicates an increase in electropolymerization process efficiency, whose only reason in a solution with unchanged concentration can only be the presence of more reactive forms of Ni(II)-phenoxonium cations. Furthermore, after such electropolymerization processes, on the voltammograms of poly[Ni(salcn(Bu))] the formation of the additional redox system is not observed (Fig. 10, gray line) . Such a system is shown in the voltammograms of poly[Ni(salcn(Bu))] after the electropolymerization process was carried out in a short potential range (Fig. 10, black lines, last redox couple) . This fact may suggest that in the film formed in the range covering the higher potential values, some of the oligomers might be incorporated into the film structure. On the other hand the polymer film obtained by electropolymerization in a short potential range is not fully formed and further modification of the process occurs during the scanning of the modified electrode in a solution of the supporting electrolyte.
Conclusions
The anodic electropolymerization method applied to [Ni(salcn)], [Ni(salcn(Me))] and [Ni(salcn(Bu))] complexes yields three yellowcoloured electroactive polymer films.
In these polymers FTIR and FTIR ATR measurements showed the existence of phenyl-phenyl type bonds.
The poly[Ni(salcn(Me))] and poly[Ni(salcn(Bu))] films form such bonds through the only active and free 5 position. Whereas the poly[Ni(salcn)] film consists of 1,2,4 and 1,2,3,5 chains and can also incorporate 1,2,3 tri-substituted aromatic rings. In all of the investigated films the presence of the free complex, supporting the electrolyte and solvent molecules, has been detected.
On the basis of cyclic voltammetry, the analyses of the electropolymerization mechanisms for the complexes and the redox processes occurring in the modified electrode films have been performed. Three-step processes of the complex oxidation were found. First the oxidation proceeds through Ni(II)-phenoxyl radical form, then the Ni(II)-bis-phenoxyl radical and finally Ni(II)-phenoxonium cation form. The obtained species differ in oxidation potential and stability of various forms depending on the nature of the substituent in the phenolate moiety. It has been shown that the step after which the follow-up reactions occurs (dimerization and polymerization) also depends on the nature of the substituent affecting the reactivity of the radicals.
Oxidized species derived from [Ni(salcn(Bu))] seem to show the least activity, due to the stabilizing effect of the most bulky substituents, which allows us to observe the second and the third oxidation step of the complex until the end of the whole electropolymerization process. Also for this reason, the preparation of poly[Ni(salcn(Bu))], in contrast to obtaining the polymers of other complexes, takes place only at the potential of the second oxidation step of the complex. Furthermore the electropolymerization of [Ni(salcn(Bu))] is the least efficient.
[Ni(salcn)] and [Ni(salcn(Me))] complexes polymerize after the first oxidation step, while the [Ni(salcn(Bu))] complex at the same potential forms only oligomers weakly bound to the electrode surface. For the [Ni(salcn(Bu))] complex the additional step of electropolymerization process which is the adsorption of the substrate to the electrode surface was evidenced. For this reason poly[Ni(salcn(Bu))] films have the least regular structures.
The heterogeneity of poly[Ni(salcn(Bu))] structures is partially reduced by the electropolymerization process carried out to the potential value corresponding to the third oxidation step of the complex. This may probably influence the inclusion of oligomers in the polymer structure. Therefore, poly[Ni(salcn(Bu))] films obtained during the process of electropolymerization carried out in a short potential range (0 to 1.6 V) undergo modification in an electrolyte solution. The films formed in a long potential range (0 to 2.1 V) are stable.
